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Abstract 
Cracks due to segregation of Fe3P along the grain boundaries is a major problem in working of Fe-P alloys, processed in 
conventional wrought route. The present work deals with development of binary Fe-P alloys with varying content of phosphorus 
(in the range 0.1-0.35%) through powder metallurgical technique to obtain better mechanical properties without the problem of 
segregation. These alloys were processed into thin sheets by hot forging and rolling. The developed Fe-P alloy sheets were 
characterized in terms of microstructure, porosity and mechanical properties. Strength and hardness of Fe-P alloys increased with 
increase in phosphorus content and ductility slightly decreased.  It has been observed that thin sheets of Fe-P alloys (with 
phosphorus as high as 0.25wt %) with high strength and moderate ductility can be obtained through powder metallurgy route and 
these alloys are free from embrittlement during working due to elimination of segregation problem. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Phosphorus in steel, in general, increases yield strength, ultimate tensile strength and hardness, but decreases both 
elongation and reduction in area at failure. However, in wrought metallurgy, phosphorus is treated as an impurity 
because in cast steels, phosphorus exhibits strong segregation during solidification, with the precipitation of Fe3P 
along the grain boundaries, which leads to embrittlement. Because of this, in majority of steels, amount of 
phosphorus does not exceed 0.05% [Stewart et al (2000); Lindskog and Carlson (1972)]. In view of these 
disadvantages, the present work is aimed at development of Fe-P binary alloys through powder metallurgical (P/M) 
route with higher amount of phosphorus than in conventional steels in order to obtain Fe-P alloys in sheet form with 
a good combination of strength and ductility without the problem of Fe3P segregation. Phosphorous helps in 
carrying the alloy constituents into iron matrix. Self-diffusion coefficient of iron and inter-diffusion coefficient of 
the alloying elements in ferrite is much higher than that in austenite. This diffusion helps in reducing amount of 
pores in P/M parts [Qu, (1991)].  
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2. Experimental Procedure  
For making Fe–P binary alloys by powder metallurgical technique, ferro-phosphorus powder was prepared by 
grinding lumps of ferro–phosphorus powder (containing 22% P) with 75 μm particle size. The powder blend was 
manually mixed with atomized Fe powder (ASC 100. 29) to obtain desired alloy chemistry. The powders were 
chosen so that four P/M alloys with different wt% of phosphorus (0.1 %, 0.15%, 0.25% and 0.35%) were obtained. 
A schematic of the set up used for cold compaction and hot forging of the powder shown in Fig. 1.The green 
compacts (preforms) with dimensions 47mm x 22mm x 16mm were obtained by compaction on a 40–ton capacity 
double acting hydraulic press. Densification was carried out by a cost effective hot powder preform forging 
technique. In this technique, both shaping and consolidation are deformation based [Sharma et al (2011)].  
Preforms were soaked at 1050°C for one hour, during which phosphorous dissolved in gamma iron powder 
particles. The hot preforms were forged using a suitably designed die mounted on a 200 ton screw press. The forged 
slabs were subjected to homogenization at 1150°C for 2 hours. The homogenized slabs were then hot rolled into 
3mm thick sheets at 950 °C - 1000°C [Trivedi et al (2010)]. After hot rolling, the sheets were cold rolled to 1 mm. 
These cold rolled sheets were annealed at 850°C for 30 minutes to get sheet samples with desired mechanical 
properties. 
 
 
 
Fig. 1: Schematic diagram of punch and die set-up used in cold compaction of P/M samples [Sharma et al (2011)]. 
Porosity, microstructure, density and mechanical properties of the cold rolled and annealed sheet samples were 
characterized. Standard optical metallographic techniques were used to observe the microstructures. Hardness of the 
samples was measured with Vicker’s hardness tester using 5 kg load. Sub size specimens as per ASTM standard 
E8M were used for tensile testing. The specimens were tested in uniaxial tension on an Instron machine at a constant 
cross head speed of 2.5 mm/min. 
3. Results and Discussion 
3.1 Chemical Composition and Microstructure  
The actual chemical compositions of the developed P/M alloys and an Fe-P alloy developed through wrought 
route [Mehta et al (2011)] (taken for comparison) are given in Table1.The desired phosphorus content in the alloys 
have almost been achieved. As forged and rolled density of Fe-P alloys was calculated from the Archimedes 
principle. Volume percentage of porosity was estimated from the theoretical density and density of the rolled 
specimens. The estimated volume percentage of porosity is shown in Table 2. It increased with increase in 
phosphorus content. Some additional pores created due to dissolution of elemental particles [Qu et al (1991)]. 
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Microstructures of cold rolled and annealed samples in unetched condition are shown in Figure 2, which reveal 
rounded porosity. The microstructure of the cold rolled sheets etched with 2% Nital are shown in Fig.3. The pores 
are predominantly present in the grain interior as is observed in the microstructures, which is beneficial for the 
mechanical properties. All these four samples (Fe-0.1%P, Fe-0.15%P, Fe-0.25%P and Fe-0.35%P) have equi-axed 
grains with average grain diameter in the range of 16-27 μm. The pores appear larger than their actual size due to the 
effect of etching. Microstructures of all these four samples reveal presence of only ferrite. 
 
Table 1. Chemical composition of Fe-P alloys (in weight %) 
 
P (desired) P(actual)    C Mn Si Al Cu Fe 
0.10 0.078        0.03   0.270 0.01 0.007 0.056 Balance 
0.15 0.142 0.02   0.287 0.07 0.003 0.050 Balance 
0.25 0.244 0.04   0.280 0.05 0.005 0.054 Balance 
0.35 0.346 0.04   0.310 0.04 0.002 0.070 Balance 
Fe-P alloy (developed 
through cast route)  
[ Mehta et al (2011)] 
0.288 0.03 0.187 0.22 0.293 0.03 98.76  
Table 2. Volume percentage of porosity in the developed Fe-P alloys 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                              Fig. 2. Microstructures of cold rolled and annealed Fe-P alloy sheets in unetched condition (magnification 100X) 
% P    Theoretical density 
(g/cm3)              
 
As forged density    
(g/cm3) 
Rolled density    
(g/cm3)         
Porosity in rolled sheets 
(%)                    
0.1 7.92 6.65 7.78 1.74 
0.15 7.84 6.97 7.68 1.98 
0.25 7.80 6.42 7.61 2.51 
0.35 7.78 6.19 7.52 3.42 
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Fig. 3. Microstructure of cold rolled and annealed sheets (magnification 100X). 
X-ray mapping of Fe, P and C elements conforms that phosphorous is uniformly distributed in the entire structure 
of the Fe-P alloys processed through P/M route as shown in Fig.4. In the sample processed through cast route (Fig.5) 
there is a clear segregation of phosphorous near the grain boundaries leading to precipitation of Fe3P. 
3.2 Mechanical properties  
The mechanical properties of cold rolled sheet samples of Fe-P alloys with different P content obtained from the 
uniaxial tensile tests are presented in Table 3. A typical engineering stress-strain curve of a Fe-0.25%P sample is 
shown in Fig.6. As phosphorus content increased in binary Fe-P alloys, strength and hardness also increased with 
small reduction in ductility due to its marked solid solution strengthening effect in ferrite which is of the same order 
as the interstitial elements, carbon and nitrogen [Clarke and Mclvor (1989)]. Mechanical properties of Fe-P alloys 
developed through powder metallurgy route are also compared with those of a Fe-P alloy developed through cast 
route in Table 3. It clearly shows that Fe-P alloys with P content as high as 0.25% can be developed in the form of 
thin sheets by processing of P/M alloys with a combination of higher strength and better ductility than in the case of 
samples processed through cast route without the problem of Fe3P segregation along the grain boundaries. 
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Fig. 4. X-ray mapping of Fe-0.25%P alloy. 
 
Fig. 5. X-ray mapping of Fe-P alloy developed through cast route. 
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Table 3. Mechanical properties of cold rolled and annealed Fe-P alloys 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 Engineering stress-strain curve of Fe-0.25%P alloy sheet in cold rolled and annealed condition. 
4. Conclusions 
Fe-P alloys with phosphorous in the range of 0.1-0.35% have been successfully processed through hot preform 
powder forging technique and then thin sheets were developed from the forged samples by hot rolling, cold rolling 
and annealing. It clearly shows that Fe-P alloys with P content as high as 0.25% can be developed in the form of thin 
sheets with a combination of higher strength and better ductility than in the case of samples processed through cast 
route without the problem of Fe3P segregation along the grain boundaries. Among the four alloys studied, alloy 
containing 0.25 wt % phosphorus showed a good combination of strength and ductility in the cold rolled and 
annealed condition. 
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P content 
(wt %) 
YS 
(MPa) 
UTS 
 (MPa) 
Total  
% Elongation 
Hardness 
(Hv/5kg) 
 
0.1 189 304 28.9 113 
0.15 191 326 24.5 121 
0.25 271 407 23.4 137 
0.35 321 438 17.6 154 
0.28 (cast alloy) 217 457 14.2 165 
